Purpose -Changes in climate may have both beneficial and harmful effects on crop yields. However, the effects will be more in countries whose economy depends on agriculture. This study aims to measure the economic impacts of climate change on crop farming in Bangladesh.
Introduction
Climate change and variability have human and non-human effects across the globe. Increasing temperatures, changing rainfall patterns, rising sea levels, and increasing frequency and intensity of extreme weather events are adversely affecting ecosystem functioning, agriculture and food security, infrastructure, water resources, and human health (Intergovernmental Panel on Climate Change (IPCC, 2014) . However, there is considerable debate on how adverse effects of climate change will genuinely be in different parts of the world. Evidence suggests that developed countries located in temperate regions would face less adverse impacts and may gain from climate change (Mendelsohn and Dinar, 2003) . In contrast, there is a scientific consensus that the non-industrialized and low-income nations located in tropical and sub-tropical climate are more prone to the negative impacts of climate change (Wheeler and Von Braun, 2013; Ruamsuke et al., 2015) .
Climate change will significantly affect crop productivity and efficiency and will lead to important changes in agricultural outcomes (IPCC, 2014; Arshad et al., 2018) . Moreover, extreme climatic events, soil salinity in coastal areas, and incidence of pests and diseases may result in additional adverse effects on agriculture sector (Rosenzweig et al., 2001) . Despite the technological advancement, the climate is still a fundamental determinant of agricultural productivity where temperature and rainfall act as primary drivers of crop production and by consequence rural food security (Wheeler and Von Braun, 2013) . Increased crop yield under elevated carbon dioxide (CO 2 ) in the atmosphere would slightly offset some of the adverse effects of climate change but only in the short-term (Calzadilla et al., 2013) . Without accounting for CO 2 fertilization, it has been projected that climate change would cause a decrease in yield by 17 per cent for a number of crops in different regions across the world (Nelson et al., 2014) . Building on these issues, a number of studies have analyzed the farm household level present and potential future impacts of climate change on agricultural productivity, net farm incomes and farmland values (Mishra et al., 2015; Arshad et al., 2016; Van Passel et al., 2016; Huong et al., 2018) .
Bangladesh is one of the most vulnerable countries in the world to climate risks and natural disasters (Agrawala et al., 2003) . The location of the country is in low-lying floodplains at the confluence of three mighty Asian rivers, the Brahmaputra, the Ganges and Climate change the Meghna along with their numerous tributaries (World Bank, 2010) . Because of this natural geographic design, the country faces severe floods on a regular basis. The floods of 1974, 1984, 1987, 1988 and 1991 were most destructive and caused loss of human lives and serious damage to agricultural production (Agrawala et al., 2003) . Besides, its position between the funnel-shaped Bay of Bengal in the south and the world's highest mountain Himalayas in the north has made the country a place of intensive monsoon rainfalls, cyclones, floods, storm surges etc. (Ferdous and Baten, 2011) . After the catastrophic cyclones of 1970 and 1991, cyclone Sidr of 2007, for example, was among the most devastating disasters in recent years. It caused a loss of 3,295 lives and destroyed approximately 1.5 million households and 2.2 million hectares of cropland. The total damage was estimated at about US$1.67bn (International Federation of Red Cross and Red Crescent Societies (IFRC, 2010) . It has been projected that country will experience more frequent and natural disasters in near future due to climate change (IPCC, 2007) .
A sharp rise in temperature and changes in rainfall patterns are already evident in Bangladesh (Shahid, 2010; Shahid et al., 2012) . The average daily temperature in Bangladesh has increased by 0.103°C per decade over the past four decades (Shahid, 2010) . There have also been reports of changes in spatial variability and seasonal pattern in rainfall (Shahid and Khairulmaini, 2009 ). The projections say that temperature of Bangladesh will continue to increase by 1°C by 2030, 1.4°C by 2050 and 2.4°C by 2100 due to global warming (IPCC, 2007) . Rising temperature will enhance evapotranspiration and air moisture holding capacity which in turn will change the annual and seasonal variability of rainfall and their spatial distributions. Such changes in climate can have severe impacts in an agro-based country like Bangladesh, where more than 55 per cent of the total population directly depends on agriculture, and 17.22 per cent of the gross domestic product (GDP) comes from this sector (Bangladesh Bureau of Statistics (BBS, 2015) . Crop farming is the primary source of food for 149.77 million people and accountable for food security both in urban and rural populations (BBS, 2015) .
Considering the vulnerability and sensitivity of Bangladeshi agriculture sector to climate change, this paper attempts to answer the important questions:
Q1. Does climate change affect net incomes from crop farming sector in Bangladesh?
Q2. Will crop farming in Bangladesh be profitable under future climate change scenarios?
Q3. What are the necessary steps for the government policy planners to minimize the negative impacts of climate change on crop farming?
However, to answer these questions, studies in this direction are still insufficient. Only a few studies have been conducted in recent years to assess the impact of climate change on agriculture in Bangladesh (Sarker et al., 2012; Amin et al., 2015; Chowdhury and Khan, 2015) . Amin et al. (2015) reported the significant impact of different climate variables namely, temperature, rainfall, humidity, and sunshine on the yield of major food crops (rice and wheat). Sarker et al. (2012) studied the relationships among maximum temperature, minimum temperature, and rainfall with three varieties of rice crops and found a significant impact of climatic variables on the productivity of rice. However, the focus of almost all of the previous studies was limited to climatic impacts on selected food crops. To date, no study has been conducted to measure the economic impacts of climate change on overall crop farming in Bangladesh. Some studies have already been conducted in the neighboring IJCCSM 11,3 countries such as Sri Lanka, India and Pakistan to assess the economic impacts of climate change on agriculture (Seo et al., 2005; Kumar, 2011; Mishra et al., 2015; Arshad et al., 2016) . All the studies reported the significant impacts of climate change on agriculture, but a wide variability in loss and gain in different regions. This emphasizes the need for assessment of climate change impacts on crop farming and their spatial variability in Bangladesh.
The primary objective of this study is to assess the long-term impacts of climate change on net incomes from crop farming in Bangladesh. To achieve this, we used Ricardian regression models using a unique dataset of 420 farm households located across different climatic zones of the country. We also analyzed the marginal impacts of climate change and the potential future impacts of different climate scenarios on net crop incomes. Finally, based on the analytical findings, we suggest some policy measures that may enhance the adaptive capacity of the country's farming systems in response to climate change. The rest of the paper is structured as follows: Section 2 presents the materials, methods, and data, Section 3 discusses the results, and Section 4 conclusions. (Figure 1 ) has a tropical monsoon climate distinguished by heavy seasonal rainfall, high temperatures, and high humidity. The average annual rainfall fluctuates from 1,500 mm in the west-central to over 3000 mm in the southeast and northeastern parts of the country. More than 70 per cent of total rainfall in Bangladesh occurs during monsoon (July to September). The mean summer and winter temperature ranges from 30 to 40°C and 18 to 22°C respectively, whereas April is the hottest and January is the coldest month [Bangladesh Meteorological Department (BMD), 2016] . Based on climatic conditions, the land of Bangladesh has been divided into 7 climatic zones, as shown in Figure 1 . There are two distinct cropping seasons: Rabi (mid-November to mid-March) and Kharif (mid-March to mid-November). The Kharif season is further subdivided into two parts namely Kharif-I (mid-March to mid-July) and Kharif-II (mid-July to midNovember). Common Kharif crops include Aus and Aman rice, jute, and summer vegetables, while the Rabi crops include Boro rice, wheat, potato, pulses, oilseeds, and winter vegetables.
2.2 Data 2.2.1 Primary data. The primary data used in this study were collected using a disproportionate stratified random sampling technique to have a representative sample across all 7 climatic zones in Bangladesh (Arshad et al., 2016) . The climatic zones shown in Figure 1 were used as a basis for stratification. Each climatic zone was treated as one stratum. Three administrative districts were selected from each stratum randomly (Figure 2 ). From each selected district, two Upazilas (lower administrative units) were randomly selected whereas one village from each Upazila and ten farm households from each village were subsequently selected randomly. This resulted in 60 farm households from each climatic zone, totaling 420 respondents across all climatic zones. The selected districts represent a broad degree of agroclimatic, socio-economic and geographic features of Bangladesh.
The data were collected through field surveys conducted between January 2017 and April 2017 considering the cropping seasons of 2015-16. The survey questionnaire was designed to collect detailed information on the socio-economic characteristics of the sampled households including basic household information (gender, farmer's age, education, household size etc.), and the farm characteristics which include farming experience, farm area, soil types, access to bank credit, distance to market, access to extension services, and irrigation facilities. We also collected information on farmers' perceptions about climate Climate change change and changes in the local climatic patterns observed by farmers over the past decades. In addition, we collected information on current adaptation measures undertaken by the farmers in the study area (Table III) . Net crop income per hectare is a core variable of Ricardian regression analysis. To estimate net crop income, farmers were asked in detail about their agriculture management practices, input and output costs. These include crop types, growing seasons of different crops, transportation and miscellaneous cost, cost and amount of inputs such as labor, irrigation, seeds, pesticide, fertilizer etc.
2.2.2 Secondary data. We collected 46 years climate data on monthly average temperature and monthly average rainfall from the Bangladesh Meteorological Department, Dhaka. These climate data were interpolated from the respective meteorological stations located in the surveyed districts and climatic zones under the study. After testing a number of alternative definitions of seasons, dry (November-March) and wet (April-October) seasons were considered for the analysis. Due to the country's geographical location and small areal extent, average winter (21.16°C) and summer (28.11°C) temperatures of Bangladesh do not vary significantly. The dry (Rabi) and wet (Kharif) seasons are also the coldest and the hottest seasons respectively.
Ricardian methodology
The relationship between climate and agriculture is typically modeled using three approaches: crop growth simulation models, agro-economic models, and integrated assessment models such as computable general equilibrium and whole farm models (Mishra et al., 2015) . The basis of these models is on climate-crop physiology and development. The first two modeling approaches can include some adaptation and crop management practices such as change of planting dates, variety selection, and fertilizer use. However, as both the modeling approaches are crop-specific, they are unable to account for other adaptation measures such as responses to economic stimuli including input replacement, price variations, crop shifting, and multi-cropping. Without accounting for such behavioral responses, those approaches can lead to an overestimation or underestimation of the climate impacts. 
Climate change
For the development of an unbiased estimate of climate impacts, there is a need for a whole farm approach that allows for adaptation responses. The model that is currently being widely used across different countries to measure the economic impacts of climate change in the agriculture sector is the "Ricardian model", named after the work of economist David Ricardo (1772-1823). Mendelsohn et al. (1994) was the pioneer to develop this crosssectional model. The basis of the model is on the observation that land rents capture the long-term productivity of the farm. The Ricardian model assesses the performance of farms across landscapes, capturing impacts of spatial variations in climate attributes and other factors including input prices, soils, and socio-economic factors where the value of the lands reflects the present value of the future stream of net farm income.
The main advantage of this model is that it accounts for adaptation because farmers tend to adapt to the climate where they live to maximize the outputs and farm incomes. Other important advantages of the model are:
it does not require data over time which is very difficult and costly to collect, rather it needs data across geographic space where climate attributes vary; it is a flexible model as it allows to consider all major enterprise activities; and it is very ease to implement.
However, the Ricardian model has some limitations. The first drawback is the possibility of omitted variable bias, which is present in all cross-sectional analysis. Another concern is the inefficiencies of the land and labor prices/markets that may distort prices. It does not account for CO 2 fertilization effects. Furthermore, the model cannot capture transition costs of an instantaneous adaptation to a new technology against climate. However, sudden adaptation to new technology is never experienced. Another controversial drawback is concerned with irrigation (Schlenker et al., 2005) . It is also not an issue in the study area as maximum farms rely on irrigation (Shahid, 2010) .
Empirical model specification
Following Mendelsohn et al. (1994) , we specified the Ricardian model as:
Where V is the net crop income per hectare; C is a vector of climate variables (temperature and rainfall); H is a set of household attributes that includes age and education of the respondents, household size, and farming experience; and F is a set of farm variables, including farming area, access to extension services, distance to market, access to farm credit, soil types, and access to irrigation. We define net crop income as the total crop income (farm gate price multiplied by quantity sold) less the total cost of production that includes the cost of hired labor, fertilizer, pesticide, seeds, irrigation, and transport. Net crop income was calculated by the following equation:
Where P i is the market price of crop i, Q i is the output of crop i, X is a quantity of all inputs purchased for producing of crop i, P x is a vector of input prices respectively. The standard Ricardian model relies on the quadratic formulation of climate:
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Where C and C 2 capture the levels and quadratic terms for climate variables respectively, while u is an error term. The quadratic term is included to capture the nonlinear relationships. If a positive number for the quadratic term is obtained, the function assumes a U-shaped form, whereas if the value is negative, the function assumes a hill-shape form.
From equation (3), we estimated the marginal impacts of a change in temperature and rainfall on net crop income, which can be specified as follows: Tables I, II and III. The endogeneity problem was countered by using reduced form model rather than the structural model. As we can only minimize the multicollinearity at a certain level, we omitted age variable which was correlated with the farming experience. We also excluded distance to market variable from our analysis as it was found statistically insignificant. To minimize the heteroscedasticity, a robust estimation was applied for estimating standard errors. In case of outliers, we excluded 24 households assumed to be outliers as they reported very high or very low income and very large or very small farm size.
Climate variables and net crop income
The regression coefficients estimated from the two Ricardian models are presented in Table IV . In the first model, we estimate the seasonal temperature and rainfall (with quadratic terms) data on net crop income alone. In the second model, we include farm and The results from both the models are robust. The estimated models explain 3 to 16 per cent of the observed variations in net crop income hectare and most of the parameters in the models have expected signs. We observed that the constant values are very high even though they do not hold much statistical value. The reasons may be the low number of observations and few explanatory variables. Climate variables showed a nonlinear relationship with net crop incomes which is consistent with the findings of recent Ricardian studies available (Kabubo-Mariara and Karanja, 2007; Mishra et al., 2015; Arshad et al., 2016; Huong et al., 2018) . The wet and dry season temperatures showed an upward and downward trend respectively which is somewhat surprising. But given that these two temperatures (wet and dry) are part of the summer cropping season (Kharif) and winter cropping season (Rabi), respectively. The summer cropping season in Bangladesh is a combination of the significant part of the spring, summer and fall, while the winter cropping season is a combination of the winter and earlier part of spring. Higher temperature in the earlier part of wet season may be beneficial because it helps in primary growth and development of crops, while a warmer climate in the later stages can have harmful effects, e.g. slowing down of crop growth. This might be reason that the wet temperature indicated an inverted U-shaped trend.
On the contrary, the relatively low temperature in the early stages of dry season may be detrimental to crop growth, but as it gets warmer in the later stages, it becomes beneficial for ripening and maturity of crops. Thus, dry temperature indicated a U-shape trend. However, in case of rainfall, the trends for wet and dry seasons were found hill-shaped which indicates that early stage rainfall in both seasons is favorable for crop farming in Bangladesh. Our findings are somewhat consistent with those of the South African crop farming analysis conducted by Benhin (2008) . Among the households' socio-demographic variables, the farming experience was positively associated with net crop income (p < 0.05) which suggests that experienced farmers are a better custodian of their land and may have good knowledge and information on the changes in local climatic conditions. For example, applying various soil conservation practices or using modern agricultural technologies, they are able to adapt to weather fluctuations and climatic variability (Huong et al., 2017; Mishra and Pede, 2017) . In line with this rationale, access to irrigation facilities was also significantly and positively correlated with net crop income (p < 0.05). Farmers widely use irrigation especially groundwater irrigation to hedge against drought and heat stress, which also plays an important role to increase the productivity and hence net crop incomes in Bangladesh (Shahid, 2010) . However, groundwater level in many regions of Bangladesh is declining due to higher abstraction, which may cause an increase in salinity and irrigation cost and eventually may affect farmers' income in the long run (Krupnik et al., 2017) .
The positive and significant influence of farm size on net crop income (p < 0.01) indicates the economies of scale that large farms are associated with higher productivity compared to small ones. A similar result was found by Nyuor et al. (2016) in a study of northern Ghana. Access to agricultural extension services is also positively associated with net crop incomes (p < 0.1). This result implies that access to extension information and services increase farmers' knowledge on crop management practices and hence the capacity to adapt to the changes in climate to improve their outputs and incomes (Joshi et al., 2017; Trinh et al., 2017) . The coefficient of soil types indicate that both sandy and clay soils are associated with lower net incomes. However, only clay soil was found statistically significant (p < 0.1). Table V . A 1°C increase in temperature during the wet season would result in an income gain of about US$15.64 per hectare while in the dry season it would cause a decrease of net income by about US$0.22 per hectare. The higher temperature in summer cropping season would negatively affect the net incomes due to the strong seasonal effect of the fall season. Increasing temperature in the earlier part of the summer cropping season would be helpful for crop growth, but the temperature rise in later part would be destructive to crop farming unless farmers are conscious of this seasonal effect and adapt their farming activities accordingly. On the contrary, higher temperature in winter cropping season would have a positive effect on net incomes due to the strong seasonal influence of the spring season.
The marginal impacts of increasing rainfall will lead to an increase in net incomes in both the wet and dry seasons. The total impact of a 1°C increase in temperature and 1 mm/month increase in rainfall would cause an increase in income by US$19.66 per hectare across all climatic zones of the country. However, higher rainfall in the summer cropping season would have a minimal positive impact on net incomes. This result implies that early rainfall in the summer cropping season would be more helpful to crop growth than the excessive rainfall in the later stages. Thus, the timely arrival of the summer monsoon and its regularity are crucial for crop production in Bangladesh. On the other hand, rainfall in the winter cropping season is statistically significant (p < 0.05). The implication of increasing rainfall in the winter cropping season would also be helpful for crop growth, output and hence the enhancement of net incomes. The results indicate that seasonal variations are a vital factor for net income in both the cropping seasons. A similar observation has been reported by Benhin (2008) in the South African climate context. Table V also indicates that net crop income is more elastic to the changes in temperature (1.13 per cent) than the rainfall (0.42 per cent).
The results of the marginal impact of temperature are quite interesting. As a humid tropical warm region, one would anticipate that an increase in temperatures would lead to a Notes: **p < 0.05; US$1 = 80.64 BDT considering average exchange rates during the survey IJCCSM 11,3 decrease in net incomes. Our analyses however revealed that net crop income increases with rising temperatures. The reasons may be the ample rainfall in monsoon and availability of groundwater resources which permit a very high fraction of irrigated farmland in Bangladesh (Shahid, 2010) . Extensive use of groundwater irrigation and improved technologies enable farmers in the region to endure much higher temperatures. Shahid (2010) in his study on Bangladesh interestingly reported that climate change will increase daily use of water for irrigation by an amount of 0.88 mm/day at the end of this century. With irrigation, higher temperatures have led to more cropping seasons per year which helped farmers to increase their net incomes. Thus, Bangladesh's agriculture appears to be adapting against warming and will be benefitted mildly even in a warmer world. This is consistent with the study of Mendelsohn (2008), he reported that wet eastern regions of India (geographical position of Bangladesh is within this region) will benefit gently from the global warming. Our findings are also consistent with those from Southeastern China which show similar trends and robustness (Wang et al., 2009 ).
Marginal impacts of climate across all climatic zones
To examine the distribution of impacts across different climatic zones, the marginal impacts of climate for each zone are calculated from the coefficients of the Ricardian regression model (Van Passel et al., 2016) . The obtained results are presented in Table VI . Estimated marginal impacts of temperature showed that most of the climatic zones would experience a positive effect on net incomes though the coefficients for all climatic zones are not statistically significant. The results of the positive effect of temperature rise on net incomes may be due to the use of different adaptation techniques undertaken by the farmers in the study area as discussed above. A 1°C increase in temperature will lead to an increase in annual net incomes between $11 (USD) to $48 (USD). Alternatively, the relatively colder climate zones such as south-eastern and north-eastern Bangladesh would experience a negative mean annual impact of US$9.51-16.31 per hectare respectively. Among the seven climatic zones, the western zone which is characterized by hot climate would gain the The reasons may be that the farmers of this region have already adjusted their crop management practices to changing climatic conditions such as increased irrigation applications to offset the effects of heat stress. The marginal impact of increased rainfall in the dry season showed positive relations with net crop incomes across all zones and most of them are statistically significant in different levels (p < 0.05 and p < 0.1) in comparison to the results of the wet season rainfall. These results establish that the marginal impacts are not uniformly distributed and that there would be losses and gains due to climate change across the different climatic zones. It is therefore essential for policy planners to reduce the losses and to take benefit of the gains by selecting and assessing the efficiency of existing adaptation mechanisms and finding ways to support them.
Climate projections and its impacts on net crop incomes
We then examined the impacts of future climate change on crop farming in Bangladesh. In this connection, future changes in rainfall and surface temperature for each district were first estimated using two Coupled Atmospheric Oceanic General Circulation Models (AOGCMs). These models are the Beijing Normal University Earth System Model: BNU-ESM (Ji et al., 2014) and the Canadian Earth System Model: CanESM2 (Chylek et al., 2011) . Future projections of annual temperature and rainfall over Bangladesh and its impacts on net crop incomes are presented in Table VII . The estimates showed that both models forecasted increasing temperatures for Bangladesh in the range of 1.81-2.04°C by 2021-2060 and even higher levels of 3.68-4.47°C by 2061-2100 periods. In case of rainfall, BNU-ESM projected decreasing rainfall levels (4.8 per cent) by 2021-2060 whereas increasing trend is observed (5.47 per cent) by 2061-2100 periods. However, CanESM2 projected increasing rainfall levels (3.39-19.97 per cent) during the both periods. By using parameters of the fitted net income model of Table IV , we estimated the impacts of these AOGCM scenarios on net incomes for these two time-periods. It is observed that the increment in the net income per hectare is more in the period of 2061-2100 than 2021-2060 under both scenarios.
Moreover, to compare the distribution of impacts across the different climatic zones, impact estimates for each climatic zone are estimated at the mean of a climate variable at that agro-climatic zone (Seo et al., 2005) . The findings are presented in Table VIII. The result indicated that different climatic zones would not be uniformly affected by the future climate change. This finding is in line with the results by Seo et al. (2005) . The results also reveal that the gains from the future climate change for the welfare of Bangladeshi farmers would be increase over the years as they would continue to use irrigation as a cushion for adverse climate effects.
Conclusions
This paper is an endeavor to assess the economic impacts of climate change on crop farming in Bangladesh using a Ricardian regression model. The regression results indicate that farmers' current net incomes are sensitive to climate. Seasonal temperature has a more pronounced effect on net incomes than seasonal rainfall. Farm and household characteristics including the availability of extension services, farm size, access to irrigation and farming experience were positively associated with net incomes, while clay soils were found to hurt net incomes. Subsequent estimates of marginal impacts revealed that crop net income is more elastic to changes in temperature than rainfall but with significant seasonal and spatial variations in impacts. The impacts of climate change projected by two AOGCMs namely, BNU-ESM, CanESM2 reveal that net crop income in Bangladesh would increase in the range of US$25-84 per hectare. The distribution of net income impacts indicated that different climatic zones will not be equally affected by future changes in climate.
The results of our study may guide the government policy makers and rural development practitioners in designing the appropriate adaption strategies in the country. Adaptation policies should target different climatic zones based on the contraints and potentials of each zone in liew of recommending uniform interventions. To increase the resilience of crop farming sector of Bangladesh, immediate actions are required taking the current and anticipated climate change impacts into consideration. Based on the findings, our study suggests some essential climate adaptation policy recommendations which the government and policy makers may consider to address the challenges that farmers are likely to face as a result of climate change. Such recommendations include strengthening research capacity for the development of new cultivars and farming techniques with the changes in climate, enhancement of various enterprise diversification activities, making provision of crop insurance program and strengthening agricultural extension systems for disseminating up-to-date agricultural adaptation technologies to the farmers. Diversifying and generating off-farm employment opportunities in rural Bangladesh may also be crucial measures for the sustenance of rural masses. The present study was focused only on climate change impacts on net crop incomes. Future studies may consider analyzing the climate change impacts on other agricultural sectors, e.g. fisheries and livestock to assess the economic benefits or losses. We also suggest more research efforts in future for in-depth analyses of the economic impacts of climate change on farm income at the rural household level using a more holistic approach.
